A series of spironaphthoxazines based on thieno[3,2-b]pyrroline derivatives were synthesized and their structures were studied by 1 Н NMR spectroscopy, mass spectrometry, and X-ray diffraction. Comparative analysis of the spatial structures of spirooxazines of the thieno[3,2-b]pyrroline and indoline series was performed.
Introduction
Organic photochromes are widely used in various fields of science and engineering, in particular, for the design of light filters, optically controlled molecular switches, photochromic organic media for optical information recording and processing, etc. Among various classes of photochromic substances, spirooxazines (SPO) are distinguished by high sensitivity and resolving power.
1- 4 The vast majority of known spirooxazines belong to the indoline series. It appeared of interest to prepare close analogs of these compounds containing the thieno [3,2-b] pyrrole heterocyclic systems instead of the indole system. Similar replacement of the benzene ring by a less aromatic and electron rich thiophene ring in photochromic compounds can give rise to new valuable properties and induce further chemical modification of products.
Thienopyrrolenine derivatives are the key compounds for the preparation of spiropyrans and spirooxazines of the thienopyrroline series. Before our studies, only a few examples of thienopyrrolenines have been described in the literature; these were prepared in low yields from tin salts of aminothiophenes according to the Bishler reaction.
5, 6 It should be noted that the starting aminothiophenes are rather unstable and difficult to obtain. As a continuation of our studies 7-9 on the development of convenient methods for the synthesis of photochromic compounds based on thiophene derivatives, we recently elaborated effective methods for the synthesis of thienopyrroles and thienopyrrolenines according to the Fischer reaction (Scheme 1).
10,11
As the starting compounds for the synthesis of the lastmentioned products, we used readily available β-hydroxythiophene derivatives. The Fischer reaction is widely used to prepare indole and indolenine derivatives; 12-14 however, before our studies it had not been used for the synthesis of thieno [3,2-b] .
Scheme 1
This paper gives an account of the synthesis and structure of spirooxazines based on thieno[3,2-b]pyrrolenine derivatives.
Results and Discussion
Spirooxazines 3a-c of the thienopyrroline series were prepared via the classical route (Scheme 2) from the appropriate thienopyrrolenines 1a,b whose synthesis has been reported in detail.
10,11
The first stage includes refluxing of compounds 1a, b with alkylating agents in acetonitrile to give thienopyrroline analogs of Fischer's salts 2a-c. Due to the difficulty of purification, these quaternary salts were not characterized. The condensation of the thienopyrrolines (obtained in situ by treatment of these salts with bases) with 1-nitroso-2-naphthol results in the desired spirooxazines. 
Scheme 3
The structures of the spirooxazines of the thienopyrroline series were established by 1 H NMR spectroscopy, mass spectrometry, and elemental analysis; those for compounds 3b and 6 were also confirmed by X-ray diffraction. As expected, a typical feature of the 1 H NMR spectra is the presence of two singlets at 1.30 -1.50 ppm, corresponding to two geminal methyl groups and a singlet at 7.6 -7.9 ppm, typical of the imine proton of the oxazine ring. Thienopyrroline spirooxazines have been unknown previously; therefore, it appeared pertinent to compare the spatial structures of the compounds obtained with spirooxazines of the indoline series SPO1 and SPO2, whose X-ray diffraction analysis had been reported. 
Scheme 4
The general view of molecules 3b and 6 is shown in Figs. 1 and 2. The X-ray diffraction data, the atom coordinates, and thermal and geometric parameters are deposited at the Cambridge Crystallographic Data Centre under the registration numbers 249951 (3b) and 249952 (6) . Analysis of the spatial structures of these molecules shows that the key structural features resemble those of the previously studied spirooxazines.
15-18
The spiro unit is tetrahedral. The thienopyrroline fragment in compound 3b and, correspondingly, the benzothienopyrroline fragment in molecule 6 are virtually orthogonal to the naphthoxazine fragment: the dihedral angle between the corresponding planes is ~ 89.50°. The pyrroline rings in both molecules, as in the SPO of the indoline series, have an envelope conformation. The folding angle along the N….С1 line in molecule 3b equals 24.23 о , while that in 6 is 32.15°. These data fall in the range of values found in the previously studied compounds of this type (24.1 -39.9 o ).
12-16,18
The deviation of the С sp spiro atom in compounds 3b and 6 from the averaged plane of atoms of the thienopyrroline (benzothienopyrroline) ring is equal to 0.348 Å (0.496 Å). Important characteristics of spirooxazines are the Сsp-N and the Сsp-О bond lengths, which mainly determine the reactivity of compounds under photoirradiation. Table 1 * presents the bond lengths for the most important rings, e.g. the pyrrole and oxazine rings, attached to a spiro unit for molecules 3b and 6 and for the related structural analogs of the indoline series, SPO1 and SPO2. It is known that the Сsp-N bond in photochromic spirooxazines is markedly shortened, while the Сsp-О bond is elongated in comparison with the standard values (C-N, 1.47 -1.48 Å; C-O, 1.41-1.43Å). 19 It can be seen from Table 1 that in compounds 3b, SPO1, and SPO2, the Сsp-N bonds are shorter than the single C-N bond; however, in molecule 6, this corresponds to an ordinary single bond. The Сsp-О bonds in all molecules are elongated with respect to the standard value to almost the same extent. Note that the С5 -С6 bonds in molecules 3b and 6 are shortened in comparison with the corresponding bonds in the structures of SPO1 and SPO2, which is due to condensation of the pyrroline rings with thiophene ring, instead of the benzene one. The others bonds in the presented structures coincide to within the determination error (~0.003 Ǻ). The bond angles in the structures under study differ by not more than 2-3°. Another important characteristic of spirooxazines are the torsion angles in the pyrroline and oxazine rings. These parameters are important, as they reflect the degree of ring distortion caused by steric non-valence interactions between substituents, 17,20 thus indicating a change in the mutual orientation of the LEP orbital (n) of the N atom and the σ* orbital of the С-О spiro bond, which largely determines the degree of the n-σ* interaction in the electronically excited state of spirooxazines. Table 2 presents the torsion angles for the SPO of the pyrroline and indoline series. First of all, attention is drawn by the similarity of the torsion angles in the pyrroline fragment: they differ by not more than 3 о . This implies that the conformation of the pyrroline ring depends on neither the substituent at the N atom nor the nature of the ring to which it is fused. Conversely, the oxazine fragment is more labile: the replacement of the methyl group by an ethyl group or by a propionic acid residue increases the torsion angles by 9 -12 о . As a consequence, the whole naphthoxazine fragment in molecules 3b and SPO1 acquires a twisted conformation, which will be apparently reflected in the spectroscopic characteristics of these compounds. Thus, we synthesized the first spironaphthoxazines of the thieno[3,2-b]pyrroline series and studied their structures by 1 Н NMR spectroscopy, mass spectrometry, and X-ray diffraction analysis. Comparative analysis of the spatial structure of spirooxazines of the thieno[3.2-b]pyrroline and indoline series was performed. It was shown that the structure of spironaphthoxazines based on thienopyrroline are similar to the structures of spirooxazines of the indoline series.
Experimental Section
General Procedures. The 1 Н and 13 С NMR spectra were recorded on Bruker WM-250 and
Bruker AM-300 CDCl 3 spectrometers and the EI mass spectra were run on a Kratos instrument 
